R enal anemia in patients with chronic kidney disease (CKD) and those on chronic dialysis treatment increases the risks of cardiovascular events, progression of CKD, and mortality, and decreases quality of life, mental health, and cognitive function. 1 Adequate management of renal anemia is thus important for these patients.
Primary pathologic mechanisms of renal anemia include relatively suppressed production of erythropoietin and impaired utilization of iron in the body. And enhanced oxidative stress, and micro-inflammation by uremia could be involved with the pathology of poor response to erythropoietin-stimulating agent, and underutilization of iron in the body. 2, 3 In addition, iron loss associated with blood loss in patients on hemodialysis (HD) reportedly reaches up to 2000 to 6000 mg annually. 4 Given this pathologic background, adequate iron supplementation should be a mainstay for renal anemia management in HD patients.
At present, i.v. iron administration is a common practice in HD treatment, because the superior effectiveness of i.v. iron has been confirmed as compared with oral iron intake, as recently reviewed by Albaramki et al. 5 and Shepshelovich et al. 6 However, meta-analysis of randomized clinical trials in a wide range of clinical backgrounds (a total of 75 studies including 19 of renal anemia) have revealed that i.v. iron administration increases the risks of infectious diseases, as compared with oral iron and no iron intake. 7 Furthermore, a recent randomized clinical trial conducted in patients with pre-dialysis CKD have suggested increased risks for cardiovascular disease and infection 8 with i.v. iron administration, suggesting that i.v. iron may damage endothelial and immune cells to disturb those functions.
Ferric citrate hydrate (FC) is used as a phosphate binder for patients with CKD, [9] [10] [11] [12] [13] and has recently gained attention with respect to iron supplementation for CKD. 11, 14, 15 Patients who have been receiving FC as a phosphate binder have recently been reported to show significantly decreased prevalences of i.v. iron administration, decreased dose of erythropoietin-stimulating agents, and increased level of hemoglobin during a 12-month observation period, 15 suggesting that FC benefits patients with renal anemia. Notably, a recent randomized clinical trial of renal anemia revealed the effectiveness of FC for increasing hemoglobin in patients with predialysis CKD. 16 Taking these findings together, orally administered FC may offer clinical advantages with respect to the iron load to patients with CKD. The biological characteristics of this agent thus need to be clarified.
The present study examined differences between orally administered FC and i.v.-administered saccharated ferric oxide (FO), in terms of iron kinetics and biological impact on redox-inflammation status in the body during the acute phase of iron loading.
PATIENTS AND METHODS

Patients
Six patients on maintenance HD were recruited for the study from Jikyukai Tani Hospital (Motomiya, Japan). They had been receiving HD 3 times a week at 4 hours per session. Patient characteristics are shown in Table 1 . Patients who had acute infection, malignancy or gastrointestinal disease, or who were current smokers were excluded from the study. Informed consent was obtained from all participants, and the study protocol was fully approved by the ethics committee at Fukushima Medical University (No. 2605).
Patients participating in the study received 3 consecutive protocols. Under the first protocol (phase I), nothing was given. Second (phase II), 8 tablets of FC (Riona 250 mg; Japan Tobacco Inc., and Torii Pharmaceutical Company, Ltd., Tokyo, Japan) containing a total of 480 mg of iron were given orally. In the study, the dose of FC was decided according to the allowance of the Japanese medical insurance system. Permissible daily maximum dose of FC (Riona 250 mg) is 6 g (24 tablets: oral 3 times a day) in Japan. Based on this, we designed to give the maximum amount of 1 time of FC to patients (e.g., 8 tablets at once). Third (phase III), saccharated FO (Fesin; Nichi-Iko Pharmaceutical Co., Ltd., Toyama, Japan) containing 40 mg of iron was infused during the first 5 minutes of HD. The dose of infused FO was decided according to the standard clinical practice in Japan. Fesin is the only injectable iron drug commercially available in Japan, and it is recommended to inject once a week if needed from Japanese Society Dialysis Treatment (Guideline for Renal Anemia in Chronic Kidney Disease, J Jpn Soc Dial Ther 2016; 49(2):89-158, in Japanese).
The study was performed in all patients during the first HD session of the week in a fasting state in the morning over the course of 3 weeks. Blood samples were taken from an arterial access site at 0 hour (T0) just before starting HD, and at 0.5, 1, 2, and 4 hours (at the end of HD), and 6 hours (2 hours after the end of HD), respectively. 
Measurements
Sample Stock
Blood samples were immediately centrifuged with ethylenediamine tetraacetic acid, and the plasma was stored at À80 C until measurements were obtained. For RNA extraction and leukocyte analysis, fresh samples were treated within 24 hours.
Enzyme-Linked Immunosorbent Assay (ELISA)
The following parameters were measured using ELISA. Myeloperoxidase (MPO) was measured using a Human Myeloperoxidase ELISA kit (Abcam, Cambridge, UK). Concentrations of 8-hydroxy-2 0 -deoxyguanosine were measured using highly sensitive 8-hydroxy-2 0 -deoxyguanosine Check (Japan Institute for the Control of Aging: JaICA, Shizuoka, Japan). Thioredoxin (TRX) was measured using Human Thioredoxin Assay Kit (IBL, Shizuoka, Japan). Highly sensitive C-reactive protein was measured by serum (cardio phase highly sensitive C-reactive protein II; Siemens Healthcare Diagnostic, Erlangen, Germany). Serum 2-thiobarbituric acid-reactive substances were measured by the lipid peroxidation assay method using the 2-thiobarbituric acid-reactive substances Assay Kit (Cayman Chemical, Ann Arbor, MI). Concentrations of tumor necrosis factor a; interleukin-1, -6, and -10; interferon; and vascular endothelial growth factor were measured using BD CBA Flex Sets (BD Biosciences, Piscataway, NJ). Fibroblast growth factor (FGF)-23 was measured using an FGF23 ELISA Kit (KAINOS Laboratories, Tokyo, Japan). FGF23 c-terminal was measured using an FGF23 (C-terminal) Multi-Matrix ELISA Kit (Biomedica Immunoassays, Vienna, Austria).
RNA Preparation and Quantitative Reverse-Transcriptase-Mediated Polymerase Chain Reaction
Total RNA was isolated from the blood using the TRIzol (Thermo Fisher Scientific, Yokohama, Japan) according to the instruction manual.
Real-time polymerase chain reaction analysis was performed using probe sets from the Bio-Rad CFX96 system (Bio-Rad Laboratories, Hercules, CA). Genespecific primers were as follows: glyceraldehyde-3-phosphate dehydrogenase: forward, GAAGGTGA AGGTCGGAGTC; reverse, GAAGATGGTGATGGGA TTTC; B-cell lymphoma 2: forward, CCTGTGGATG ACTGAGTACCTGAAC; reverse, CAGAGTCTTCAGAGA CAGCCAGGA; B-cell lymphoma 2 Associated Athanogene 1: forward, AGAGTCGTTGAAGTCCCAGGAA; reverse, GCCTTGTCCACAAGTCTACCTCTAC; Bcl-2-associated death promoter: forward, CAGTGATCT GCTCCACATTC; reverse, TCCAGCTAGGATGATA GGAC; and FAS: forward, AGGAGTACACAGACAA AGCCCATT; reverse, GGTGCAAGGGTCACAGTGTTC; These primers were used for the amplification of specific cDNA with the iScript one-step reverse-transcriptase polymerase chain reaction kit (Bio-Rad). Relative expression levels of each mRNA were normalized to glyceraldehyde-3-phosphate dehydrogenase mRNA levels.
Analysis of Apoptotic Leukocytes
A suspension of leukocytes was made by lysing wholeblood with Pierce IP Lysis Buffer (Thermo Fisher Scientific, Yokohama, Japan). One microliter of annexinV (fluorescein isothiocyanate labeled) (200 mg/ml) and 5 ml of propidium iodide (200 mg/ml) were added (Annexin V-FITC kit; Becton, Dickinson and Company, Franklin Lakes, NJ) to a final volume of 100 ml and cells were incubated for 15 minutes in the dark. Cytofluorometric analysis was performed immediately after staining using an SH800 Cell Sorter (Sony, Tokyo, Japan). A total of 50,000 cells were analyzed in each sample. Apoptosis was defined as annexinV-positive and propidium iodide-negative, whereas secondary necrosis was defined as annexinV-positive and propidium iodide-positive.
Hepcidin 25
Levels of hepcidin 25 were measured by highperformance liquid chromatography tandem mass spectrometry (Medical Care Proteomics Biotechnology, Kanazawa, Japan). 
RESULTS
Iron Kinetics
The temporal courses of changes in serum iron and unsaturated iron-binding capacity levels are shown in Figure 1a . Serum iron levels were significantly increased in both phase II and III as compared with 0 hour, respectively. Reflecting these increases in serum iron levels in phases II and III, transferrin saturation was increased during the course of study in both phases, as compared to 0 hour, respectively (Figure 1b) . Regarding changes of TIBC, no significant changes were found in phases I and II, but significant increases were seen in phase III at 0.5 to 2 hours after dosing (appearance of NTBI), as compared with 0 hour, respectively (Figure 1c) .
The temporal course of NTBI(%) of phases II and III is shown in Figure 1d . No significant changes were found in phase II, but significant increases were seen in phase III. In comparison of 0 and 4 hours, no differences were seen for serum ferritin levels among the 3 phases (Figure 1e ). Significant decreases were found in serum hepcidin 25 levels in phases I and III, but no changes were seen in phase II (Figure 1f ).
Redox-Inflammation Status
Changes to redox-inflammation markers with the respective interventions are shown in Table 2 . Significant changes in MPO, highly sensitive C-reactive protein, and TRX levels were identified in phase III (Table 2) . Otherwise no significant changes were found for other groups or markers.
Changes in Serum MPO and TRX Levels
The temporal course of percentage changes in MPO and TRX levels are shown in Figure 2a and b. For within-group comparisons, there was a significant change of %MPO during the course in phase III, whereas no significant changes were found in phases I and II (Figure 2a) . However, no significant differences were found at respective time points (0.5 to 6 hours) among the 3 groups. Regarding %TRX, there were significant changes in 3 phases, respectively. However, there was a significant difference at 4 hours among the 3 phases, with phase III being significantly higher than the others (Figure 2b) . Comparisons of areas under the curve for MPO and TRX of serum levels during the study periods are shown in Figure 2c and d, with significantly larger in MPO, in phase III as compared with phase I (Figure 2c ), but no significant differences were seen in TRX among the 3 phases (Figure 2d ).
Leukocyte Apoptosis
No significant differences or changes were found in the presence of leukocyte apoptosis among the 3 phases: 0.19% AE 0.17% (0 hour) versus 0.11% AE 0.09% (4 hours) in phase I, 0.62% AE 0.08% (0 hour) versus 0.62% AE 0.77% (4 hours) in phase II, and 0.51% AE 0.27% (0 hour) versus 0.46% AE 0.26% (4 hours) in phase III. In real-time PCR of apoptosis-related genes, expressions of B-cell lymphoma 2 and Bcl-2-associated death promoter (0 vs. 4 hours) were significantly enhanced in phase III (Figure 3 ).
Influence on FGF23
Temporal courses of % changes in serum intact-FGF23 and c-terminal FGF23 are shown in Figure 4a and b.
No significant changes were found in % intact-FGF23 during the course in all 3 phases (Figure 4a ). Regarding %c-terminal FGF23, there were no significant changes in phases I and II, but a significant decrease was found in phase III (Figure 4b ). In the comparisons of the groups, there were no significant differences at each time point.
Regarding ratio of intact-FGF23 and c-terminal FGF23 (0 vs. 4 hours), the ratio of phase III was significantly higher than that of phase I (Figure 4c) .
DISCUSSION
With the recent findings of the effectiveness of FC for renal anemia, the present study aimed to explore biological differences in orally dosed despite the fact that serum iron levels were lower with FO during the course of the study; (ii) increases in serum oxidative-inflammation markers such as MPO Ln, natural logarithm; MPO; myeloperoxidase; NS, not significant; TBARS, 2-thiobarbituric acid-reactive substances; TNFa, tumor necrosis factor a; TRX, Thioredoxin. and highly sensitive C-reactive protein, with accompanying reductions in antioxidant molecule such as TRX, were seen with FO, but not with FC; and (iii) ratio of intact-FGF23 to c-terminal FGF23 at 4 hours after starting HD were significantly higher with FO, as compared with FC. Significant increases in serum iron and transferrin saturation were identified in FC and FO, and TIBC levels were unchanged in FC as compared with the control condition. Conversely, TIBC were significantly increased in FO, indicating the appearance of NTBI in blood, 2 hours after administration. In the present study, we calculated estimated NTBI. As expected in the changes of TIBC, NTBI (%) in serum iron were significantly higher in FO, despite the fact that serum iron levels were significantly lower in FO as compared with FC.
As a physiological process, FC is absorbed as Fe 17 reported that the generation of NTBI depends on the total administered dose of iron, as well as the speed of administration. Based on that report, in the case of glucuronated iron, the administered dose must be less than 15 mg/h to prevent the generation of NTBI. Thus, in terms of the generation of NTBI with FO containing 40 mg of iron, we speculated that 5 minutes of FO administration was too short to allow completion of Fe 3þ binding to transferrin.
To examine the biological impact of iron administration to the body, we measured oxidative and antioxidative products. Among these, increases were seen in serum MPO (an oxidative marker) with accompanying significant decreases in TRX (an antioxidant) with FO, whereas no changes were found with FC (Table 2, Figure 2a -c). Our observations may support the notion from previous studies that i.v. iron single administration acutely enhances oxidative stress in HD patients. [18] [19] [20] [21] [22] [23] Furthermore, although no significant changes in apoptosis cell ratio were found during the course of study in the different phases, expressions of 
CLINICAL RESEARCH
M Nakayama et al.: Impact of Route of Iron Supplementation in HD apoptosis (Bcl-2-associated death promoter) and anti-apoptosis (B-cell lymphoma 2) genes in peripheral leukocytes were significantly influenced by FO. We speculate that NTBI generated in blood, and free iron (Fe 2þ ) contained in the sample, 24 may trigger the Fenton reaction to induce oxidative cellular injury of peripheral leukocytes. Where this pathologic reaction is repeated or exaggerated, the NTBI or injury to neutrophils could potentially play a role on infection risk.
Although there were short-time but significant changes in surrogate markers (e.g., MPO) and NTBI, by the single administration of FO, but it remains unclear if those changes were clinically relevant. However, it has been reported that serum MPO level correlates with levels of markers of inflammation, and is a significant independent factor for increased cardiovascular risk and mortality in patients on chronic dialysis treatment. 25, 26 There are reports that a cumulative dose of i.v. administered iron was associated with an adverse cardiovascular outcome, and a higher mortality, 27 or risk of hospitalization 28 as compared with patients without iron administration among chronic HD patients. Taking these data together, we suppose that accumulation of the single impact by i.v. iron administration cannot be clinically underestimated, and this issue needs to be addressed in the future.
In addition to the possible induction of oxidative stress and micro-inflammation by i.v. FO, the present study found various points of difference between oral FC and i.v. FO. One of them was the response in hepcidin25 by iron load, and the data indicate the activation of physiological feedback in FC, whereas lack of feedback in FO. The increase of intact-to cterminal FGF23 ratio with FO was also the difference observed. It has been hypothesized that i.v. iron infusion could reduce FGF23 transcription, but, on the other hand, carbohydrate moieties of i.v. iron formula could inhibit FGF23 degradation. 29 Thus, the net effect of i.v. iron infusion on FGF23 metabolism may be greatly influenced by the type of iron agents. In Japan, FO is the only commercially available iron for i.v. use. Interestingly, Takeda et al. 30 reported that repeated i.v. administration of 40 mg FO resulted in increased levels of intact-FGF23. The present observation of the relative increase of intact FGF23 by single FO administration may support the finding.
Several limitations to this study must be considered. First, we did not examine dose-response profiles of orally dosed FC. In the present study, FC with 480 mg of iron was examined, and showed no changes in TIBC as compared with control. However, whether oral intake of a larger dose of FC could generate NTBI remains unclear. Second, we examined the temporal course of changes in study parameters for 6 hours; however, changes after 6 hours remain unknown. It would be valuable to look at the iron profile for the extended time over 6 hours. However, we could not extend the time because of ethical reasons; the study actually forced patients to keep the fasting state for more than 8 hours from wake-up time to exclude the potential influence of iron absorption from food, or iron binding to phosphate in food. Third, we do not know whether the present data for FC can be generalized as a profile of orally dosed iron, because the FC used in this study has a unique property of showing a higher dissolution rate as compared with that used in food additives, and the intestinal absorption of iron via DMT-1 pathway may be primarily impaired in patients on HD 3 due to elevation of hepcidin 25. For these reasons, further studies are needed to determine the difference in iron absorption between FC and standard oral ion preparations. And last, the data of this study were obtained from only 6 patients, and, therefore, further studies on more patients, with data collected at longer time points, should be done to confirm the observations made on this limited patient population.
In conclusion, oral FC differs from i.v. FO in terms of points such as TIBC, NTBI generation, induction of oxidative stress, and FGF23 metabolism. Oral FC may have benefits in iron supplementation for patients with CKD anemia. Clinical significance of this pathology needs to be addressed.
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